Neuronal activity largely depends on two key components on the membrane: the Na,K-ATPase (NKA) that maintains the ion gradients and sets the foundation of excitability, and the ionotropic glutamatergic AMPA receptors (AMPARs) through which sodium influx forms the driving force for excitation. Because the frequent sodium transients from glutamate receptor activity need to be efficiently extruded, a functional coupling between NKA and AMPARs should be a necessary cellular device for synapse physiology. We show that NKA is enriched at synapses and associates with AMPARs. NKA dysfunction induces a rapid reduction in AMPAR cell-surface expression as well as total protein abundance, leading to a long-lasting depression in synaptic transmission. AMPAR proteolysis requires sodium influx, proteasomal activity and receptor internalization. These data elucidate a novel mechanism by which NKA regulates AMPAR turnover and thereby synaptic strength and brain function.
Introduction
AMPA-type glutamatergic receptors (AMPARs) are heterotetromeric, sodium-permitting channels composed of GluR1-4 subunits acting as the major mediator of central synaptic transmission. Synaptic expression of AMPARs is subject to activitydependent regulation, which is critical for the formation of synaptic plasticity such as long-term potentiation (LTP) and depression (LTD) . Although receptor trafficking is efficient for transient changes of AMPAR synaptic localization, alterations in total receptor amount, which is determined by a balance of protein synthesis and degradation, may be more important for longterm modulation of synaptic efficacy (Bingol and Schuman, 2005; Yi and Ehlers, 2005; Hou et al., 2008) . Therefore, regulation of receptor biogenesis and disposal can serve as a novel cellular means for synaptic function. It has been shown that AMPARs have a half-life of ϳ20 -30 h (O'Brien et al., 1998; Huh and Wenthold, 1999) , indicating the involvement of active degradation processes. However, whether the protein abundance of AMPARs is dynamically regulated as a cellular response remains to be studied. Na,K-ATPase (NKA) is a plasma membrane-embedded sodium pump that functions against the gradients to maintain the asymmetric distribution of sodium and potassium (Kaplan, 2002) . The sodium gradient forms the foundation for synaptic transmission and neuronal excitation. Because of the frequent perturbation of ion homeostasis resulting from constant neuronal activity, the workload of NKA is so high that it consumes nearly half of the ATP in the brain. NKA is a heterodimer composed of two subunits: the catalytic ␣ subunit that contains ATPase activity and the regulatory ␤ subunit that is required for the enzymatic activity of NKA. At the single-neuron level, immunostainings have shown widespread localization of NKA in the soma and the dendrites, but its subcellular distribution has not been carefully examined (Brines and Robbins, 1993; Anupama Adya and Mallick, 1998) .
During synaptic transmission, AMPAR-mediated currents are carried by sodium ions that flow into the interior of the neuron, typically within a microspace of the spine Ͻ1 m 3 . In hippocampal neurons, one action potential can cause several-fold increase in intraspinal sodium. A typical LTP protocol of 100 Hz stimulation increases spine sodium from 10 mM to Ͼ100 mM (Rose and Konnerth, 2001) . The frequent and often large rises of intraspinal sodium must be exuded efficiently to maintain synapse electrophysiology, a task achieved via the activity of NKA. Therefore, cross talk between AMPARs and the NKA should be in place to coordinate their functions. Remarkably, little is known about the effect of NKA on AMPAR expression and localization. We report here that NKA is enriched at synaptic sites and colocalizes and associates with AMPARs. NKA suppression results in a rapid internalization and proteasome-mediated degradation of AMPARs, leading to a lasting suppression of AMPAR-mediated synaptic transmission. These findings demonstrate a novel cellular means of glutamate receptor regulation, and may provide new insight into our understanding of many neuropathological conditions.
Materials and Methods
Primary cortical neuron culture. Cortices from E18 rat embryos were digested with papain (0.5 mg/ml in EBSS, 37°C for 20 min), washed and gently triturated by passing the tissue through a Pasteur pipette with a fire-polished tip. Neurons were counted and plated onto poly-L-lysine (Sigma, 0.5 mg/ml) precoated 60 mm Petri dishes (Becton Dickinson) at 4 ϫ 10 6 /dish for biochemistry or dishes containing five coverslips (0.3 ϫ 10 6 per 60 mm dish) for immunostainings. To ensure high-quality cell adhesion and growth, coverslips were first incubated in nitric acid overnight and thoroughly washed with four changes of large amounts of water every 2 h. Dried coverslips were then baked at 200°C for 2 h, coated with poly-L-lysine (Sigma, 0.5 mg/ml) overnight and washed again before being incubated in plating medium for cell plating. The plating medium is MEM containing 10% fetal bovine serum (FBS), 5% horse serum (HS), 31 mg of cystine and 1% P/S/G. 24 h after plating, the culture medium was completely replaced with feeding medium (Neurobasal medium supplemented with 1% HS, 2% B-27 and 1% P/S/G). Thereafter, neurons were fed twice a week with 2 ml feeding medium/dish until use. Since glia are important in neuron growth and synaptogenesis, glia cells were inhibited by adding FDU at DIV 5, but not completely eliminated from the culture.
Western blot analysis of protein abundance. Two-week-old cultured cortical neurons in 60 mm dishes (4 ϫ 10 6 /dish) were incubated with ouabain (50 M) in culture medium for 1 h or as indicated. For calciumfree or sodium replacement experiments, cells were incubated with ACSF containing 1 mM EGTA and 0 calcium, or sodium being replaced with NMDG or LiCl, supplemented with ouabain 10 min later for 1 h. After treatment cells were rinsed with ACSF, harvested in ice-cold lysis buffer (PBS supplemented with 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS and 1:300 protease inhibitor cocktail containing AEBSF, Aprotinin, Bedysyin, E-64, Leupeptin and Pepstatin A, Sigma), and rotated at 4°C for 1 h. After centrifugation of the lysates at 14,000 rpm for 15 min, supernatants were boiled with 4ϫ sample buffer followed by SDS-PAGE separation and immunoprobing with antibodies against the C terminus of GluR1 (anti-GluR1Ct, 1:100), GluR2/3 (1:500), NR1 (1:500), PSD-95 (1:800), glutamate receptor-interacting protein (GRIP; 1:500), and N-ethylmaleimide-sensitive factor (NSF; 1:1000). The blot was developed using enhanced chemiluminescence detection methods (Amersham). Films were scanned and the optical intensities of the protein bands were quantified using ImageJ NIH software.
Isolation of cell-surface AMPARs. Cultured cortical neurons were incubated with antibodies against the extracellular N-terminal domain of AMPAR GluR1 subunits (anti-GluR1Nt from rabbit, 1:100) for 5 min in culture medium at 37°C. Antibodies against the intracellular C-terminal of GluR1 (GluR1Ct, polyclonal, 1:100) and nonspecific rabbit IgG (1:100) were also added to another two dishes, respectively, as controls. All antibodies and IgG have been adjusted to the same stock concentration of 0.5 mg/ml. After incubation neurons were washed three times with cold ACSF on ice to remove free antibodies. Cells were homogenized in lysis buffer, to which protein A beads (50 l in each lysate of 500 l) were added for 2 h on rotation at 4°C. The final yields were subjected to SDS-PAGE gels and probed with anti-GluR1Ct antibody. In some dishes, surface AMPARs were isolated by surface biotinylation. After ouabain treatment, culture dishes were placed on ice to stop receptor trafficking, washed with cold ACSF and incubated with biotin (1 mg/ml) for 30 min to label surface proteins. The surface AMPARs were purified by Neutroavidin beads (Pierce) as described previously (Man et al., 2007) .
Glutathione S-transferase pulldown assays. Solubilized hippocampal extracts (800 g of protein) were incubated with glutathione-Sepharose beads (Amersham Biosciences) bound to the indicated glutathione S-transferase (GST)-fusion proteins (20 g) at 4°C overnight with shaking. Beads were then washed three times with 500 l of PBS containing 0.1% Triton X-100 before the bound proteins were eluted with glutathione elution buffer. Elutes were incubated in sample buffer and subjected to 10% SDS-PAGE.
Time course of surface and total AMPAR reduction. Cortical neurons were cultured in six-well plates (1 ϫ 10 6 /well) to synchronize the procedures among different treatments. The same amount of ouabain (50 M) was added to individual wells at different time points so that all wells with varied lengths of ouabain incubation were ready for surface labeling and lysis simultaneously. After treatment, plates were washed, incubated with anti-GluR1N (1:100) for 10 min at 37°C and washed with ACSF on ice to remove the remaining antibody. After cell lysis, a small portion of lysate was taken to examine total AMPAR levels, and the remainder of the same lysate was incubated with protein A Sepharose beads to isolate surface AMPARs. Time courses of the reduction in both surface-localized and total AMPARs were drawn from the optical intensity of Western blots.
Immunostaining. Neurons were plated at low density (0.3 ϫ 10 6 per dish with five coverslips) to reduce the overlap among neurons so that single dendrites could be readily selected and analyzed. After 1 h incubation with ouabain in culture medium, neurons were washed with ACSF, fixed with 4% paraformaldehyde plus 4% sucrose (10 min) and permeabilized with 0.3% Triton X-100 (10 min) on ice. After 1 h blocking with 10% normal goat serum, cells were incubated sequentially with antibodies against PSD-95 (mouse, 1:500) and NKA ␣1 subunits (rabbit, 1:300), or GluR2Ct (mouse, 1:100) and NKA ␣1 (rabbit, 1:300) for 2 h each at room temperature. Cells were then washed and incubated with fluorescence-conjugated secondary antibodies (Alexa Fluor 555 red anti-mouse, 1:700, and/or Alexa Fluor 488 green anti-rabbit, 1:700) for 1 h for visualization.
Image collection on immunolabeled neurons. Immunostained coverslips were mounted onto slides using ProlongGold anti-fade reagent (Invitrogen) and kept in the dark for Ͼ4 h before imaging. Using 63ϫ oilimmersion objective (numerical aperture, 1.4), a differential interference contrast snap was first taken for morphology purposes. The exposure time for fluorescence signal was set automatically by the software and adjusted manually so that the signal intensity was within the full dynamic range. Either the glow scale look-up table or the histogram was used to monitor the saturation level. Once the parameters were set they were fixed and used for all the imaging in an experiment. For double staining, dual filters were used for PSD-95 or GluR2 (red) and NKA ␣1 subunits (green). Two channels were imaged sequentially and a merged image was formed automatically by the Zeiss imaging software. Some immunostainings were also imaged by confocal microscopy.
Live imaging. Two to three days after transfection of GFP-GluR1 or PH-GluR1 (1 g per coverslip) with Lipofectamine 2000, cortical neurons were transferred to an imaging chamber with temperature controlled at 37°C. Receptors were visualized with excitation at 488 nm and imaged every 15 min. Ouabain (50 M) was added directly to the chamber containing 1 ml of ACSF buffered with 10 mM HEPES. Some cells were pretreated with MG-132 for 30 min in culture medium then transferred for imaging in the presence of MG-132. Cells were checked before each imaging to ascertain there was no shift in focus. Fluorescence intensity at the soma was measured at different time points using Image-J and normalized to the starting value.
mEPSC whole-cell patch clamp recording. A coverslip of 14-to 16-d-old cortical neurons was transferred to the recording chamber with extracellular solution containing (in mM) 140 NaCl, 3 KCl, 1.5 MgCl 2 , 2.5 CaCl 2 , 11 glucose and 10 HEPES, pH 7.4, which was supplemented with TTX (1 M) to block action potentials, APV (50 M) to block NMDARs and bicuculline (20 M) to block GABA A receptor-mediated IPSCs. Wholecell voltage-clamp recordings were made with patch pipettes filled with an intracellular solution containing (in mM) 100 Cs-methanesulfonate, 10 CsCl, 10 HEPES, 0.2 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 5 QX-314 and 10 Na-phosphocreatine, pH 7.4, with the membrane potential clamped at -70 mV. Recordings started 10 min after establishing whole-cell configuration to ensure equilibration between the pipette solution and the cytosol. After 10 min recording of basal mEPSC, ouabain was added to the bath solution and recording continued for 30 -40 min in the presence of ouabain. To examine long-term effects of ouabain treatment, coverslips were incubated with ouabain for 1 h, then transferred to ACSF immediately for recording (referred to as 1 h) or to normal culture medium to recover for varied periods of time until being recorded.
Data analysis. ALL values are expressed as mean Ϯ SEM, and analyzed using a Student's t test for comparison between two groups. Statistical significance is defined as p Ͻ 0.05.
Results

NKA colocalizes and interacts with AMPARs in neurons
To determine the subcellular distribution of NKA and more specifically its synaptic localization, we costained the ␣1 subunit of NKA together with PSD-95, a marker protein for excitatory syn-apses, in cultured cortical neurons. Consistent with previous studies indicating ␣1 as a major neuronal NKA subtype (McGrail et al., 1991; Pietrini et al., 1992) , we found strong immunofluorescence throughout the neuron including the soma and the dendrites. Notably, NKA showed a nonuniform, punctate pattern in dendrites, reminiscent of synaptic distribution. Indeed, when the NKA signal was merged with that of PSD-95, we observed a high degree of codistribution (Fig. 1 A) . About half (55 Ϯ 9%, n ϭ 10 cells) of PSD-95 signals contained NKA ␣1, whereas approximately one third (26 Ϯ 6%, n ϭ 10 cells) of NKA ␣1 signals overlapped with PSD-95 (Fig. 1C) . The colocalization of NKA with AMPARs was further confirmed by confocal microscopic examination (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Because AMPARs, the primary mediator of excitatory synaptic transmission, are a major contributor of intraspinal sodium transients, we reasoned that NKA should be intimately positioned with AMPARs to facilitate local sodium homeostasis. To test this, we double labeled NKA ␣1 and AMPAR GluR2 subunits, and a similar colocalization was observed (Fig. 1B) , with a majority of GluR2 immunosignals overlapped with NKA ␣1 (59 Ϯ 3%, n ϭ 10 cells), and 40 Ϯ 5% (n ϭ 10 cells) of NKA ␣1 overlapped with GluR2 (Fig. 1C) . Given that at individual synapses AMPAR puncta were often colocalized with NKA but with only partial overlapping territory, the degree of synaptic coexistence of NKA and AMPARs should be significantly higher than the rate of signal overlap. To further confirm the synaptic localization of NKA, synaptosomes were isolated from rat brain tissue after serial centrifugations. As known synaptic components, both PSD-95 and AMPARs were enriched in synaptosome (Fig. 1D) . Consistent with its immunolocalization, a large amount of NKA was detected in synaptosome. Interestingly, NKA ␣1 appeared to have a stronger synaptic preference than the ␣3 subunit, although the latter is considered a neuron specific subtype. We next examined the possibility of physical interactions between NKA and glutamate receptors. Using rat cortex lysates, antibodies against NKA ␣1, but not ␣3 or ␤ subunits, coimmunoprecipitated AMPARs (Fig. 1E) , indicating a specific association of NKA ␣1 subunit with AMPARs. We failed to pulldown a significant amount of NKA by using an antibody against Figure 1 . NKA is enriched in synapses and associates with AMPARs. A, Cultured cortical neurons were fixed and immunostained under permeabilized conditions. The top panel is a representative neuron double-labeled with antibodies against the synaptic marker protein PSD-95 (monoclonal, 1:500) and the NKA ␣1 subunit (polyclonal, 1:300). PSD-95 showed a typical punctate pattern indicating its synaptic localization. The NKA ␣1 subunit immunofluorescence was distributed over the whole cell, with stronger intensity at the soma. Note that in the dendrites, NKA (green) forms clusters that were colocalized with PSD-95 (red) as indicated in the merged image (overlay), indicating synaptic enrichment of NKA. A selected region was enlarged (bottom) for clarity. Arrows indicate synaptic clusters with strong colocalization (yellow). B, Double staining of NKA and AMPARs. Under permeant conditions, cortical neurons were incubated with antibodies against NKA ␣1 subunits (polyclonal, 1:300), and GluR2 subunits (monoclonal, 1:300). A representative neuron was shown in separate channels (GluR2 in red, NKA ␣1 in green) and overlay (top). A boxed area was enlarged for clarity (bottom). Arrows indicate sites of colocalization. C, Quantification of pixel colocalization of NKA ␣1 with PSD-95 or GluR2. D, NKA in synaptosome. Synaptosome lysate prepared from rat cortical tissue was separated by SDS-PAGE and probed with different antibodies. Whereas both NKA ␣1 and ␣3 subunits were detected in synaptosome, ␣1 showed higher degree of enrichment. E, Coimmunoprecipitation of NKA and AMPARs. Rat brain cortical tissue was homogenized manually in lysis buffer and further solubilized for 1 h. Equal amounts of supernatant (500 g/500 l) were incubated with antibodies against the NKA ␣1, ␣3 or ␤ subunits (3 g each), or rabbit IgG (3 g) as control. After protein A beads incubation and precipitation, the protein complexes were probed with anti-GluR1and reprobed with anti-GluR2 antibodies. F, GST pulldown assays. GST fusion proteins (20 g) of C-terminals of GluR1 (GluR1CT) and GluR2 (GluR2CT), and of GluR2 N-terminal (GluR2NT) were incubated with cortical brain lysate (800 g). GST alone was used as control. Pellets of GST pulldown were examined by Western blotting using anti-NKA ␣1 antibodies (top). A parallel gel was stained by Coomassie blue to confirm the loading of fusion proteins (bottom).
the C-terminal domain of GluR1 (data not shown), suggesting that the intracellular C terminus may be involved in the interaction. To test this, brain lysate was incubated with GST fusion protein of GluR C-terminals. Surprisingly, GST pulldown revealed an interaction of NKA with the C-terminal of GluR2, but not GluR1 (Fig. 1F ), indicating that NKA via GluR2 C-tail associates with AMPAR complexes in neurons.
NKA inhibition causes a reduction in AMPAR abundance
During synaptic transmission, activation of glutamate receptors, including AMPARs and NMDARs, allows ions to flow in and out of the dendritic spines, leading to altered ion gradients that need to be efficiently reset by NKA. Therefore, a functional coupling or coordination between glutamate receptors and NKA is necessary to maintain intraspinal microenvironment and synaptic function. To explore this possible interplay, we examined glutamate receptor expression and localization after suppression of NKA activity. In cultured cortical neurons, we inhibited NKA activity using ouabain, a cardiac glycoside that specifically binds to and suppresses all types of NKAs (Scheiner-Bobis, 2002; Xiao et al., 2002) . By Western blot analysis, we found that 1 h ouabain (50 M) treatment induced a dramatic reduction in the protein levels of AMPAR GluR1 subunits (56 Ϯ 7% of control, n ϭ 8, p Ͻ 0.05), as well as GluR2/3 subunits (80 Ϯ 6%, n ϭ 4, p Ͻ 0.05) ( Fig.  2 A, B) . The reduction started within 30 min of ouabain application, and advanced to a higher extent with longer treatment (Fig.  2C) . As a control, tubulin amount was not affected by ouabain. Strikingly, no changes were found in NMDAR abundance by ouabain treatment (NR1, 102 Ϯ 6%, n ϭ 5) (Fig. 2 D) , indicating a selective regulation of AMPARs during NKA dysfunction. To investigate whether glutamate receptor-associated proteins were also regulated, we found a reduction of GRIP (72 Ϯ 8%, n ϭ 5, p Ͻ 0.05), but not PSD-95 (102 Ϯ 3%, n ϭ 5) or NSF (107 Ϯ 5%, n ϭ 5), after 1 h ouabain incubation (Fig. 2 E -G) . Since GRIP directly interacts with AMPARs, this may suggest that the AMPAR complexes are targeted as a whole by signals triggered from NKA inhibition.
Because NKA is the key housekeeping component in a cell, a concern is whether ouabain treatment affects the general heath of the neuron. Studies have demonstrated that ouabain induces neuronal death at high concentrations (Ͼ100 M) and prolonged incubation time (Xiao et al., 2002; Yu, 2003) . We used a relatively low concentration (50 M, which inhibits NKA by 60% (Blanco and Mercer, 1998) for only a short period of time. Under this concentration even 24 h treatment only induces ϳ15% cell death (Xiao et al., 2002) . Using propidium iodide staining, we found no significant change in cell death after 1 h incubation of 50 M ouabain (data not shown). Furthermore, we tested ouabain dose-response at concentrations of 0.1 M, 5 M, 20 and 50 M. GluR1 reduction was observed by as low as 0.1 M ouabain (supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material), indicating that the ouabaindependent effect on AMPAR abundance is not nonspecific effect of cell death, which is further supported by the lack of changes in other proteins including NMDAR, PSD-95 and tubulin. Moreover, we found that inhibition of NKA by potassium-free solution (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material) and agrin (Hilgenberg et al., 2006 ) (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) also induced AMPAR reduction, strongly indicating NKA as the cellular machinery that mediates the ouabain effect.
Proteasome-mediated proteolysis underlies NKA-dependent AMPAR reduction
AMPARs undergo constant turnover with a half-life of ϳ30 h (O'Brien et al., 1998) . Since a stable receptor pool is maintained by a balance between protein synthesis and degradation, the reduction in AMPAR abundance during NKA inhibition may be attributable to suppressed protein synthesis or enhanced proteolysis, or both. To distinguish between these possibilities, we first inhibited protein synthesis. We found that when the protein synthesis inhibitor anisomycin (30 M) was applied 40 min before and during 1 h ouabain treatment, ouabain still reduced AMPAR levels comparable to that of ouabain alone (Fig. 3 A, B) , indicating that protein degradation, but not synthesis, is likely responsible for AMPAR reduction. Protein-bearing vesicles can fuse into the lysosome to be degraded nonspecifically by lysosomal proteases. When AMPARs are internalized after receptor activation, it has been shown that the endocytosed receptors are transported to lysosome for degradation (Ehlers, 2000) . We incubated cortical neurons with a mixture of six protease inhibitors including leupeptin to inhibit lysosomal activity. Surprisingly, ouabaininduced AMPAR reduction was not affected (Fig. 3 A, B) , indicating the existence of divergent destinations for AMPAR Figure 2 . NKA inhibition induces a reduction in total AMPAR abundance. Cortical neurons were incubated with the NKA inhibitor ouabain (Oua, 50 M) in culture medium for 1 h and cell lysates were used for detecting total protein amount. Ouabain treatment drastically reduced the protein amount of GluR1 (A)(n ϭ 8) and GluR2/3 (B)(n ϭ 3). As an internal control, the protein level of tubulin was not affected in all experiments. A time course of ouabain incubation (C) showed that GluR1 amount was reduced within 30 min, which reached plateau in 2 h (n ϭ 3). In contrast, NMDAR NR1 was not affected by ouabain (D) (n ϭ 5). Postsynaptic proteins that associate with AMPARs or NMDARs were differentially regulated. Ouabain treatment reduced the protein level of GRIP (F) (n ϭ 5), but not PSD-95 (E) (n ϭ 5) or NSF (G) (n ϭ 5). Bar graph data present means Ϯ SEM, *p Ͻ 0.05, t test.
degradation. In addition to lysosomal pathway, proteins can also be degraded by proteasome, during which target protein molecules are usually conjugated with ubiquitin and then transferred to proteasome for ATP-dependent degradation. As the ouabain effect is highly specific to AMPARs, we suspected an involvement of the proteasome pathway in this case. In supporting this, we found that AMPAR reduction was completely abolished by the proteasome specific inhibitor MG132 (10 M) (Fig. 3 A, B) , strongly indicating NKA-dependent AMPAR degradation by proteasome.
To examine AMPAR degradation with subcellular resolution, we performed immunostainings of GluR1 under permeant conditions in ouabain-treated neurons. Consistent with biochemical results, a marked reduction in GluR1 immunointensity was observed across the cell. Immunointensity in the soma was reduced to ϳ60% (n ϭ 23) and 30% (n ϭ 12) of the control (n ϭ 17) after 30 and 60 min ouabain treatment, respectively. Interestingly, when synaptic GluR1 clusters were analyzed, we found that GluR1 levels were reduced at a rate comparable to that at the soma (n ϭ 400 -500) (Fig. 3C,D) . This result suggests that the for 1 h or a specific proteasome inhibitor MG-132 (MG, 10 M), or mixed protease inhibitors (Pro inhi, 1:300) for 30 min, and then supplemented with ouabain (Oua, 50 M) for 1 h. Compared with the control (Con), ouabain treatment significantly reduced GluR1 amount. Suppression of protein synthesis did not affect ouabain-induced GluR1 reduction, indicating the change in AMPAR amount was not caused by inhibition of AMPAR synthesis. In contrast, blockage of proteasome activity by MG-132 completely abolished the ouabain effect, whereas a mixture of protease inhibitors had no effect, indicating that the NKA-dependent decrease of AMPARs was caused by proteasome-mediated protein degradation (n ϭ 4). *p Ͻ 0.05, t test. C, D, Cortical neurons were treated with ouabain for 30 min and 60 min and immunostained with antibodies against GluR1 under permeant conditions. Ouabain treatment reduced immunofluorescence intensity at both the soma (n ϭ 12-23) and the dendritic puncta (n ϭ 400 -500 puncta). E, F, Application of MG-132 30 min before and during 1 h ouabain treatment largely blocked the ouabain effect on dendritic GluR1 immunointensity (n ϭ 23), consistent with the notion of AMPAR degradation via proteasome. G, H, Live imaging of GluR1 degradation in transfected neurons. A coverslip of neurons transfected with GFP-GluR1 was transferred to a chamber in ACSF under a fluorescence microscope and imaged every 15 min. Control neurons showed stable GFP fluorescence in 1.5 h. After addition of ouabain in the bath at time 0, GFP-GluR1 fluorescence intensity dropped to 60% of the control before stabilization at low levels. However, in the presence of the proteasome inhibitor MG-132 (10 M), no changes in fluorescence intensity were observed during ouabain treatment. Images were representative neurons imaged under control and ouabain conditions, part of which was enlarged for clarity (G). The rainbow bar on the right indicates the relative intensity of the fluorescence signal. Quantitative data were from measurements of the soma (n ϭ 7 for each experiment) (H ). Bar graph data present means Ϯ SEM, *p Ͻ 0.05, t test.
dendritic AMPARs may not be trafficked to the soma for degradation. Rather, they were more likely degraded by proteasomes localized in the spine (Bingol and Schuman, 2006) . In agreement with Western blot analysis, the reduction in GluR1 immunofluorescence was blocked by proteasome inhibitor MG132 (Fig.  3 E, F ) . Furthermore, to directly visualize NKA-dependent AMPAR degradation and to examine its dynamics, we transfected cortical neurons with GFP-tagged GluR1 subunits (GFPGluR1) and live imaged the GFP signal in a temperaturecontrolled recording chamber. Images of a transfected (green) neuron were taken every 15 min, an interval we found optimal to avoid photobleaching. During the 75 min time course, transfected cells showed stable GFP intensity. However, addition of ouabain (50 M) to the bath decreased GFP signal in as little as 15 min, which peaked at 60 min with a maximal 40% reduction (n ϭ 7) (Fig. 3G,H ) . A decrease in fluorescence intensity was observed at both the soma and the dendrites, with a higher rate at the dendritic region. Addition of MG132 (10 M) 30 min before and during ouabain treatment completely blocked the ouabain effect, indicating that the exogenously introduced receptor subunits were subject to the same degradation process as endogenous ones.
The requirement of calcium and sodium in NKA-dependent AMPAR degradation Loss of NKA function causes accumulation of intracellular sodium, leading to depolarization of membrane potentials. In cultured hippocampal neurons, ouabain has been shown to induce an increase of intracellular sodium (Rose and Ransom, 1997) . Furthermore, after sodium accumulation, membrane depolarization leads to activation of voltage-gated calcium channels and rises in intracellular calcium concentration. Lasting changes in membrane potential can also lead to activation of signaling membrane proteins such as adenylyl cyclase (Cooper et al., 1998) . By whole-cell recording in cultured cortical neurons, we observed a membrane depolarization of ϳ15 mV by 50 M ouabain that plateaued in 10 min, leading to a transient high-frequency firing of action potentials that diminished to total silence because of sodium channel inactivation by high membrane potential (supplemental Fig. S3A , available at www.jneurosci.org as supplemental material). To investigate whether the ouabain effect on AMPAR degradation is caused by membrane depolarization, we treated cortical neurons with 20 mM KCl in medium, a concentration shown to depolarize the membrane potential by ϳ30 mV (Herberth et al., 2002) , which is comparable to or stronger than the ouabain effect in our preparation. Western blotting demonstrated that 1 h KCl treatment did not change total AMPAR protein levels, whereas the ouabain effect remained in the presence of high KCl (KCl, 99 Ϯ 5%, n ϭ 3, p Ͼ 0.05; KClϩouabain 65 Ϯ 5%, n ϭ 3, p Ͻ 0.05) (Fig. 4 A) , excluding membrane depolarization per se as the cause of the ouabain effect.
Because intracellular sodium accumulation is one of the most prominent consequences after NKA inhibition, we wanted to determine the involvement of sodium. We first confirmed intracellular sodium accumulation by ouabain using a non-ratiometric fluorescence sodium dye, CoroNa Green (CoroNa) (Meier et al., 2006) . We found that the average CoroNa intensity increased by 15 min ouabain treatment, with a further rapid increase in the next 15 min followed by slower changes (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). To investigate the role of sodium influx in AMPAR reduction, we replaced sodium in ACSF with N-methyl-D-glucamine (NMDG), a commonly used sodium substitute. In hippocampal neurons, it has been shown that application of Na-free NMDG solution reduces intracellular sodium levels to zero in 10 min (Rose and Ransom, 1997) . When neurons were incubated with ouabain in NMDG solution, we found a complete blockade of AMPAR reduction compared with an NMDG solution control (n ϭ 3) (Fig.  4 B) . Because NMDG is not membrane permeable and thus does not carry the same amount of charge across the membrane as sodium ions, one concern is that the difference may be caused by a lack of charge influx, rather than lack of sodium accumulation. To address this, we replaced the extracellular NaCl with the same amount of LiCl. Like sodium, lithium is also a monovalent ion that passes through sodium channels. Similar to NMDG, lithium also abolished ouabain-induced AMPAR degradation (n ϭ 3) (Fig. 4 B) , strongly indicating the importance of sodium influx. We hypothesized that if sodium is indeed the mediator of the ouabain effect, an increase in intracellular sodium by other means should mimic the ouabain effects. Veratridine is a lipophilic toxin that binds to sodium channels in the plasma membrane and causes persistent channel opening by impairing channel inactivation (Strichartz et al., 1987) . In hippocampal neurons it has been shown that intracellular sodium concentration increases from a resting level of ϳ10 to 25 mM by 3 min veratridine treatment (Rose and Ransom, 1997) . We therefore incubated neurons with veratridine (20 M) in normal ACSF to allow inward flow of sodium. Consistent with our hypothesis, 1 h veratridine treatment significantly reduced AMPAR abundance (78 Ϯ 4%, n ϭ 3, p Ͻ 0.05) (Fig. 4C) . Notably, GluR1 amount was reduced to a lower level when veratridine was given together with ouabain (11 Ϯ 1%, n ϭ 3, p Ͻ 0.05), consistent with an overwhelming sodium buildup resulting from a combination of facilitated influx and a lack of extrusion. Furthermore, we found that even in the presence of a glutamate receptor antagonist mixture including APV, CNQX and MCPG, veratridine remained capable of inducing a reduction in GluR1 (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material), indicating that the veratridine effect is not caused by depolarization-dependent massive transmitter release and glutamate receptor activation.
A direct consequence of intracellular sodium accumulation is calcium influx through voltage-gated calcium channels. Calcium has been implicated in glutamate-induced AMPAR internalization (Beattie et al., 2000; Man et al., 2000b; Zhou et al., 2001) . Calcium also activates, directly or via signaling cascades, proteases and intracellular machinery for protein degradation (Mellgren, 1987; Koohmaraie, 1992; Nixon et al., 1994; Edelstein et al., 1996; Squier and Cohen, 1996; Gacko, 1997) . To determine the involvement of calcium, we used calcium-free ACSF containing 1 mM calcium chelator EGTA. Under calcium-free conditions, 1 h ouabain treatment did not change AMPAR levels compared with the calcium-free ACSF control (n ϭ 4) (Fig. 4 D) , indicating a critical role for calcium in the ouabain-dependent effect. To examine whether calcium channels were used as the route of entry, we used the nonselective calcium channel blocker cadmium (CdCl, 50 M) to block all voltage-gated calcium channels. Similar to calcium withdrawal, CdCl completely abolished AMPAR reduction by ouabain (data not shown). Furthermore, we investigated whether the sodium-calcium exchanger (NCX) was involved in the ouabain effect. At normal conditions, NCX extrudes intracellular calcium driven by coupled sodium influx. However, high intracellular sodium concentrations during conditions like ouabain treatment can reverse the direction of the exchanger, causing an inward flow of calcium (Tortiglione et al., 2002; Annunziato et al., 2004) . We found that when neurons were treated with ouabain in the presence of KB-R7943 (10 M), an inhibitor that only blocks the reversed mode of NCX (Sheldon et al., 2004; Kim et al., 2007) , the ouabaininduced AMPAR degradation remained (KB, 109 Ϯ 5%, n ϭ 3, p Ͼ 0.05; KBϩouabain, 47 Ϯ 2%, n ϭ 3, p Ͻ 0.05) (Fig. 4C) , indicating that the reversed NCX activity does not likely contribute to AMPAR degradation.
Although calcium removal blocked ouabain effect, calcium entry may not be a necessary step downstream of sodium for AMPAR degradation. For instance, lack of calcium will suppress transmitter release and glutamate receptor activity, leading to diminished loading of intracellular sodium thereby blocking the ouabain effect. To examine this, we treated neurons with the sodium channel opener veratridine (50 M) in calcium-free ACSF. We found that in the absence of calcium veratridine incubation still induced a significant reduction of GluR1 amount (n ϭ 4) (Fig. 4 E) , indicating a direct role of sodium. In supporting this notion, when extracellular sodium was replaced with lithium, which should also depolarize the membrane and open calcium channels during NKA inhibition, the ouabain effect was completely blocked (Fig. 4 B) .
AMPAR activation is necessary for the NKA effect
We next investigated the route of entry through which sodium accumulated intracellularly during NKA inhibition. Under physiological conditions, intracellular sodium comes primarily from two sources: voltage-gated sodium channels and ligand-gated glutamate receptors (Bhattacharjee and Kaczmarek, 2005) . To determine the contribution of the sodium channels, we incubated cortical neurons with TTX (1 M) 15 min before and during 1 h ouabain treatment. To our surprise, in the presence of sodium channel blockade, ouabain still induced a significant reduction in AMPAR abundance, although to a less dramatic level (71 Ϯ 6%, n ϭ 4, p Ͻ 0.05) (Fig. 5 A, B) , suggesting that voltage-gated sodium channels may not be the major contributor for intracellular sodium rise. Indeed, a study has demonstrated that in the presence of TTX, ouabain causes a rise of intracellular sodium concentration to levels similar to the ouabain-only control (Rose and Ransom, Figure 4 . Involvement of sodium and calcium in NKA-dependent AMPAR proteolysis. A, Cortical neurons were treated for 1 h with ouabain (50 M), or KCl (20 mM) to mimic ouabain-induced membrane depolarization. High potassium did not change GluR1 protein levels, whereas ouabain alone or in combination with KCl significantly reduced GluR1 amounts. Tubulin shows equal amount of loading. Bar graphs (right) represent the average from three independent experiments. B, Extracellular sodium on ouabain effect. Sodium in ACSF was replaced with the membrane-impermeable substitute NMDG or channel permeant substitute lithium (LiCl). When neurons were incubated with ouabain under either sodium-free condition, the ouabain effect on GluR1 abundance was blocked (n ϭ 3). C, Neurons were treated with the sodium channel opener veratridine (Vera, 20 M) to enhance sodium influx, and KB-R7943 (5 M) to block the reversed mode of calcium-sodium exchanger, respectively, alone or together with ouabain for 1 h. Veratridine caused a reduction in GluR1 and markedly enhanced the ouabain effect when used together (VeraϩOua). KB-R7943 showed no effect when used alone and did not affect the ouabain effect when used in combination (n ϭ 3). D, Extracellular calcium on ouabain effect. Neurons were rinsed with and incubated in calcium-free ACSF (ACSF containing 0 calcium plus 1 mM EGTA, Ca-free) for 10 min, then supplemented with ouabain for 1 h. Compared with the ouabain effect in normal 4 solution (Oua), the calcium-free condition largely abolished ouabain-induced GluR1 reduction (n ϭ 4). E, Neurons were incubated in calcium-free solution for 10 min followed by addition of veratridine (Vera, 20 M) for 1 h. Under this condition, veratridine still caused reduction in GluR1 amount (n ϭ 4). All the bar graph data present means Ϯ SEM, *p Ͻ 0.05, t test. 1997). We next investigated the role of AMPARs and NMDARs, the major subtypes of ionotropic glutamate receptors. Glutamatergic receptors are activated upon binding of glutamate that is released during active synaptic transmission by action potentials, or during resting conditions through random vesicle fusion with the presynaptic membrane resulting in miniature postsynaptic currents (mEPSCs) (Liao et al., 2001; Lu et al., 2001; Man et al., 2003; Rumbaugh et al., 2003) . AMPARs permit monovalent ions and function primarily as sodium channels. Although NMDARs show high permeability to calcium and are often mistakenly considered a calcium channel, Ͼ80% of NMDA currents are actually carried also by sodium (Skeberdis et al., 2006) . To differentiate the contribution of specific glutamate receptors, we incubated cortical neurons with 50 M ouabain, together with the NMDAR antagonist APV (50 M), or the AMPAR antagonist CNQX (20 M), respectively. To ensure blockade, drugs were given 15 min before the addition of ouabain. Western analysis demonstrated that ouabain-induced AMPAR degradation was completely prevented by CNQX, but blocking of NMDARs by APV showed no significant difference (n ϭ 4 each) (Fig.  5 A, B) . Similar experiments were performed on cultured cortical neurons by immunostaining of GluR1. Consistent with the biochemical results, whereas ouabain alone dramatically reduced GluR1 fluorescence intensity at dendrite, coincubation of ouabain with CNQX, but not APV, abolished the change (n ϭ 40 dendrites) (Fig. 5C,D) . These data suggest that the cytosolic sodium accumulated during pump suppression comes primarily from AMPAR channels.
AMPAR internalization is a prerequisite to receptor degradation during NKA inhibition
We wanted to know whether AMPAR reduction affected receptor cell-surface expression. To specifically label AMPARs on the plasma membrane, we incubated cultured neurons with an antibody against the extracellular N terminus of GluR1 (antiGluR1N). Cell lysates were incubated with protein A beads to isolate surface AMPARs. Western analysis showed a dramatic reduction of surface GluR1 in ouabain-treated cells compared with the control (Fig. 6 A, B) . Similar results were also obtained using surface biotinylation assays (Fig. 6C) (Man et al., 2007) . AMPARs have been shown to be highly dynamic, trafficking constantly between the plasma membrane and intracellular compartments (Song and Huganir, 2002; Bredt and Nicoll, 2003; Malinow, 2003; Newpher and Ehlers, 2008) . At basal conditions, a balance between the two opposing processes, receptor insertion and internalization, maintains a stable level of AMPARs at the cell-surface. AMPARs internalize both constitutively and in a regulated manner (Man et al., 2000b; Lee et al., 2002) , and the latter often results in a reduction in AMPAR surface expression and depression in synaptic transmission (Man et al., 2000b) . Therefore, the ouabain-induced surface AMPAR reduction may be attributable to receptor endocytosis. To directly visualize receptor internalization, we used pHluorin-tagged GluR1 (PH-GluR1). pHluorin is a pH-sensitive green fluorescent protein with decreased intensity as pH decreases. PH-GluR1 is visible only when expressed at the cell surface where the pH is ϳ7, but is completely invisible when internalized into vesicles with acidic pH (Ashby et al., 2004) . We have confirmed its pH sensitivity by reducing the extracellular pH to 5.5, causing a dramatic reduction of PH-GluR1 fluorescence intensity (data not shown). In neurons transfected with PH-GluR1, stable fluorescence intensity was observed when imaged every 15 min for 75 min (n ϭ 5) (Fig. 6 D) . In contrast, application of ouabain in the bath solution triggered a rapid decrease in fluorescence signal, which was reduced to 70% of control at 15 min, 60% at 30 min till the end of the 60 min recording period (n ϭ 7) (Fig. 6 D) , indicating a rapid receptor internalization by NKA inhibition.
The two events observed after ouabain treatment, AMPAR internalization as well as receptor degradation, could be either causal and sequential, or nonrelated independent processes. If the first scenario is true, i.e., receptor internalization and subsequent degradation, we expect (1) a delay in the onset of receptor Figure 6 . AMPAR internalization during NKA inhibition. A, Isolation of surface AMPARs. Live neurons were incubated with antibodies against the extracellular N terminus of GluR1 (anti-GluR1N, rabbit, 1:100) to label surface AMPARs, or antibodies against the intracellular C terminus (anti-GluR1C, rabbit, 1:100) or rabbit IgG as a control, for 5 min, then washed to remove the remaining antibodies. Cell lysates were incubated with protein A beads to isolate surface GluR1. Western blot analysis (probed with anti-GluR1C) showed that GluR1 was isolated specifically after anti-GluR1N antibody incubation, compared with anti-GluR1C and IgG incubations that showed a negative detection. Arrow indicates the antibody band. B, Using surface pulldown assays as in A, ouabain treatment (1 h) dramatically reduced surface-localized AMPARs (GluR1-sur). Consistently, the total GluR1 amount from cell lysates (GluR1-lys) also decreased by ouabain (n ϭ 3). C, Surface biotinylation. Neurons were treated with ouabain and then incubated with biotin (1 mg/ml) in ACSF on ice for 30 min. The biotinylated proteins in cell lysates were precipitated with immobilized streptavidin beads and analyzed by westerns. Similar to GluR1N antibody pulldown, surface biotinylation also showed GluR1 reduction by ouabain. Cell lysates were used for probing tubulin as a control. D, Live imaging of PH-GluR1. Neurons transfected with PH-GluR1 were imaged every 15 min. Fluorescence signal represents the amount of the surface-localized PH-GluR1. Under control conditions the fluorescence intensity remained stable during 75 min recording (n ϭ 5). Addition of ouabain into the imaging bath ACSF induced a rapid reduction in PH-GluR1 fluorescence intensity (n ϭ 7). E, Time courses of reduction of surface and total AMPARs. Neurons were incubated with ouabain for varied periods of time as indicated. Surface GluR1 was isolated as described in A and total GluR1 was derived from cell lysates. Optical intensity of GluR1 bands was plotted (below) showing an earlier and faster reduction of surface GluR1 compared with the change of total GluR1. F, Neurons were incubated in hypertonic sucrose (0.45 M) to block receptor endocytosis. No reduction in total GluR1 was observed after 1 h ouabain treatment (n ϭ 3). G, Neurons were treated with MG-132 30 min before and during 1 h ouabain incubation. Surface GluR1 isolated as described in A still showed reduction when proteasome activity was inhibited (n ϭ 3). Bar graph data present means Ϯ SEM, *p Ͻ 0.05, t test. degradation compared with receptor internalization, and (2) an abolishment in receptor degradation when internalization is blocked. To test these possibilities, we performed a time course of ouabain treatment from 10 min to 60 min. The surface AMPARs were isolated by anti-GluR1 N-terminal antibodies, and cell lysates were used for the total AMPAR amount. We found that at 10 min of ouabain incubation when the total AMPAR level remained largely unchanged, surface AMPARs already showed a marked reduction (Fig. 6 E) . The relative rate of decrease of surface AMPARs was faster than that of total receptor abundance (Fig. 6 E) , indicating that AMPARs are first endocytosed, then sorted for proteolysis. To further confirm this notion, we blocked receptor internalization with sucrose. Hypertonic sucrose (0.45 M) treatment inhibits clathrin-mediated endocytosis by disrupting the clathrin-coated pits (Hansen et al., 1993) . AMPARs are known to undergo endocytosis via the clathrin-dependent pathway (Beattie et al., 2000; Lin et al., 2000; Man et al., 2000b) , and previous studies have demonstrated that hypertonic sucrose reliably blocks AMPAR internalization in cultured neurons (Lin et al., 2000; Man et al., 2000b; Liu et al., 2006) . We incubated cortical neurons with 0.45 M sucrose for 30 min, and then added ouabain in the presence of sucrose for another 60 min. Western analysis revealed that ouabain-dependent AMPAR degradation was completely abolished (n ϭ 3) (Fig.  6 F) . To examine whether proteolysis is necessary for AMPAR endocytosis, we found that incubation with MG-132, which reliably blocked ouabain-induced AMPAR degradation as indicated by a stable level of total GluR1 (see also Fig.  3 A, B) , did not block ouabain-induced surface AMPAR internalization (n ϭ 3) (Fig. 6G) . These results strongly indicate that the receptor internalization process is independent of receptor degradation, and that the degradation machinery selectively targets the internalized, but not the preexisting intracellular pool of AMPARs. Since NKA associates with AMPARs at synapses, it is possible that the two molecular entities internalize together as a whole during NKA inhibition. Against this idea, we observed that although ouabain treatment reduced surface AMPAR expression, the abundance of surface NKA was not affected (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material), suggesting either a separation of the two complexes before AMPAR internalization, or a selective internalization of receptors that lack NKA association.
NKA inhibition induces long-lasting depression of AMPAR-mediated synaptic transmission
We found that NKA inhibition induces a reduction of surface-localized AMPARs. However, changes in membrane receptor abundance might not be of functional relevance if AMPARs are removed only from the extrasynaptic membrane domains. To investigate the effect of receptor trafficking in synaptic transmission, we performed whole-cell patch-clamp recording to examine AMPAR-mediated mEPSCs. Neurons were recorded in ACSF supplemented with TTX (1 M) to block action potentials, APV (50 M) and bicuculline (20 M) to block NMDARs and GABA A receptor, respectively. Consistent with our imaging data showing reduction of synaptic AMPAR clusters, the mEPSC amplitudes decreased in neurons pretreated with ouabain compared with the control (Fig.  7 A, B) . The inhibition is long lasting; a 20% reduction remained even 10 h after ouabain washout (Fig. 7C) . The long-term suppression in synaptic transmission matches our biochemical results that show little recovery in AMPAR reduction 2 h after ouabain treatment (supplemental Fig. S7 , available at www. jneurosci.org as supplemental material). When mEPSC cumulative curve was plotted, interestingly we found that the ouabaintreated curve shifted to the left in an unparallel manner, with the initial segment overlapping with the control (Fig. 7D) . When mEPSC amplitude histograms were compared, we observed a rise of the small and a concomitant drop of the moderate larger mEPSCs, but no significant changes to the extreme ends of the spectrum (Fig. 7E) . This may suggest the existence of biased selection of synapses for inhibition. Although the cellular mechanisms remain elusive, ouabain-sensitive synapses might be defined by . Cortical neurons were incubated with ouabain in culture medium for 1 h and transferred to an ACSF-filled chamber for recording. Representative mEPSCs from nontreated (Control) and treated (Ouabain) neurons were shown. Bar graph (B) showed the average mEPSC amplitudes (n ϭ 5 cells each). C, Neurons were treated with ouabain (1 h) and allowed to recover in culture medium for varied periods of time as indicated before being recorded. Average mEPSC amplitudes were normalized to the nontreated control. Decreases in mEPSC amplitudes remained even 10 h after ouabain treatment, indicating a long-lasting depression in synaptic activity (n ϭ 4 -7 cells for each time point). D, mEPSC amplitudes from control and ouabain-treated neurons were plotted cumulatively. A leftward shift was produced after ouabain treatment. E, Histogram of mEPSC amplitude.
spine size which are not too small to limit AMPAR number and sodium flow, and not too large to dilute sodium accumulation.
Discussion
Physical association and functional coupling between NKA and AMPARs Our data demonstrate a novel regulation in AMPAR synaptic localization and stability by NKA activity. We show that NKA colocalizes with AMPARs at synapses and is enriched in synaptosome preparation. The molecular mechanisms that serve the synaptic localization of NKA are not clear, but is could be achieved by interaction of NKA with synaptic molecules including PSD scaffolding proteins or glutamate receptors. Our coimmunoprecipitation and GST pulldown results demonstrate an association of NKA with AMPARs. The association appears to be mediated by NKA ␣1 subunits and the intracellular C-terminal of GluR2 subunits, but whether the interaction is direct remains unclear. NKA and AMPARs may associate indirectly via an unknown intermediate protein, such as the neuron specific NKA interacting protein NXYD7 (Béguin et al., 2002; Geering, 2006) . We show that NKA inhibition by ouabain or other means including potassium-free conditions and agrin causes AMPAR internalization and subsequent degradation. Since sodium accumulation plays a critical role in ouabain-induced AMPAR turnover, this regulation may serve as a feedback mechanism to maintain intracellular sodium homeostasis. Given the importance of the sodium gradient for proper functioning of ion channels including glutamate receptors, a functional coupling of NKA and ionotropic glutamate receptors is presumably a necessary cellular device for synapse physiology. At the single synapse level, if NKA can act as a determinant of synaptic strength via regulating synaptic AMPAR numbers, specific synaptic plasticity may be achieved through regulating the release of NKA ligands, such as neuronal agrin at the presynaptic sites (O'Connor et al., 1995) , whereas diffusively released or circulating NKA ligands may trigger global homeostatic plasticity across all synapses (Turrigiano and Nelson, 2004) . In addition to NKA suppression, ouabain has been implicated in signaling processes, such as activation of tyrosine kinases (Tian et al., 2006) and NF-B pathway (Aizman et al., 2001 ). However, we found that ouabain effect was not affected by suppression of tyrosine kinase activity (supplemental Fig. S8 , available at www.jneurosci.org as supplemental material). Also, a recent study demonstrated that NF-B knock-out in Drosophila caused GluR reduction (Heckscher et al., 2007) which is against the possible involvement of NF-B signaling in our paradigm.
Involvement of the ubiquitin-proteasome system in AMPAR trafficking and degradation
The ubiquitin-proteasome system (UPS) plays a key role in protein turnover and a variety of cellular functions (Hegde, 2004; d'Azzo et al., 2005) . In neurons, proteasomes have been found to be enriched in the spine (Bingol and Schuman, 2006) , and the UPS is involved in synapse development and maturation (DiAntonio et al., 2001) , synaptic plasticity (Hegde, 2004) , presynaptic vesicle release (Willeumier et al., 2006) , and postsynaptic reorganization through proteolysis of postsynaptic proteins including PSD-95 and GRIP (Colledge et al., 2003; Ehlers, 2003; Bingol and Schuman, 2004; Guo and Wang, 2007) . We showed that the ouabain-induced AMPAR degradation was completely abolished in the presence of proteasome inhibitors, indicating the involvement of protein ubiquitination and proteasomedependent degradation. Indeed, the UPS has been intimately implicated in glutamate receptor turnover and trafficking. Inhibition of proteasomal activity affects glutamate-induced AMPAR internalization (Patrick et al., 2003) . In Drosophila, inhibition of the proteasome by subunit mutation increases GluRIIB expression and enhances synaptic transmission at the neuromuscular junction (Haas et al., 2007) . In rat cortical cultures, we observed a rapid increase in AMPAR levels during inhibition of proteasome activity, indicating the involvement of the UPS in constitutive AMPAR degradation in mammalian neurons (data not shown). How does the UPS participate in AMPAR turnover? The most straightforward process will be direct ubiquitination of AMPARs. In C. elegans ubiquitin molecules can be conjugated to AMPAR subunits, leading to alterations in GluR synaptic accumulation (Burbea et al., 2002) . Consistently, our recent work demonstrates that mammalian AMPARs are also subject to direct ubiquitination. Because AMPAR degradation is sodium-dependent during NKA inhibition, we tested whether Nedd4, an E3 ligase whose activity is regulated by sodium (Harvey et al., 1999; Dinudom et al., 2001) , is implicated in AMPAR turnover. We found that AMPAR subunits were indeed targeted by Nedd4 for ubiquitination (Lin and Man, unpublished observation) . The molecular details of UPS-mediated AMPAR internalization remain to be investigated. A large body of evidence indicates that AMPARs use the clathrin-coated-pit machinery for endocytosis, which is initiated with the association of a clathrin adaptor protein AP2 to the intracellular C termini of AMPAR subunits (Man et al., 2000a; Sheng and Hyoung Lee, 2003) . It is intriguing to note that the AP2 binding domain contains three lysine residues as potential ubiquitination targets. It is possible that ubiquitination at this domain enhances the binding of GluR with AP2 so as to facilitate AMPAR internalization.
Regulation of NKA function by endogenous inhibitors and pathological conditions
If NKA activity regulates AMPAR localization and stability, it is important to understand the cellular means by which the pump function is regulated under physiological/pathological conditions. Ouabain as a specific, high affinity inhibitor of NKA has long been used in the treatment of heart problems as well as in research. In addition, ouabain also exists endogenously in the body. Studies have confirmed that the same ouabain can be synthesized and released in the brain, especially by the hypothalamus, as well as in the peripheral adrenal cortex (Blaustein, 1996; Schoner, 2002 Schoner, , 2003 . Ouabain is therefore now regarded as an endogenous steroid hormone circulating the body and the nervous system (Schoner, 2000 (Schoner, , 2002 . Another ouabain-like endogenous NKA inhibitor named Endobain is also present in the brain (Rodríguez de Lores Arnaiz et al., 1998 . In addition, NKA may also be regulated via association with endogenous protein partners (Mao et al., 2005) . So far the function of endogenous NKA inhibitors in the brain remains mysterious. It is intriguing to postulate that endogenous NKA inhibitors may function to regulate AMPAR synaptic distribution and synaptic transmission.
In addition to brain-released ouabain, a recent surprising finding has identified agrin as another endogenous NKA inhibitor (Hilgenberg et al., 2006) . Agrin, originally found as a powerful regulator that recruits the acetylcholine receptors on postsynaptic sites in the neuromuscular junction (Wallace et al., 1991; Gillespie et al., 1996) , is released not only from the nerve terminals of motor neurons but is also synthesized and released by neurons in the brain (Mantych and Ferreira, 2001; Smith and Hilgenberg, 2002) . It has been demonstrated that agrin binds specifically to ␣3 subunits of NKA and inhibits neuronal NKA activity. A competition experiment confirms that endogenous neuron-released agrin indeed regulates NKA function (Hilgenberg et al., 2006) . We suspected that agrin may also regulate AMPAR protein amount. In supporting this, when cortical neurons were incubated with agrin purified from transfected HEK cells, we found rapid membrane depolarization to levels similar or stronger than that induced by ouabain (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Importantly, agrin also caused a significant reduction in GluR1 abundance (supplemental Fig. S3 , available at www. jneurosci.org as supplemental material). Therefore, through changing postsynaptic AMPAR turnover, activity-dependent agrin release may serve as a novel mechanism for synaptic plasticity.
As the primary energy user consuming half of the ATP in the brain, NKA activity is highly sensitive to ATP levels. Under energy deficient conditions such as hypoxia, ischemia and stroke, NKA dysfunction is often a major early pathological response (Mahadik et al., 1992; Mrsić-Pelcić et al., 2004) , which, as a consequence, can cause long-term alterations in synaptic transmission. Reduced NKA activity has also been observed during aging and in aging-related neurodegenerative diseases such as Alzheimer's disease (Bahr et al., 1992; Nicoletti et al., 1995; Ossowska et al., 2001) . Furthermore, dysfunction of synaptic NKA has also been implicated in certain metabolic disorders including maple syrup urine disease , isovaleric acidemia (Ribeiro et al., 2007) and Lesch-Nyhan disease (Bavaresco et al., 2004) . It is of interest to investigate whether the NKA-AMPAR cross talk plays any roles in the neuronal dysfunctions present in these diseases.
Sodium as a potential signaling molecule leads to AMPAR degradation
When NKA activity is inhibited, sodium will accumulate intracellularly, leading to membrane depolarization and subsequent calcium influx. We found that the removal of either extracellular sodium or calcium blocked ouabain-dependent AMPAR degradation. However, sodium and calcium may not act to activate two independent cascades. Rather, the dependency on extracellular calcium is likely caused by suppressed glutamate release at low calcium concentration leading to a reduction in receptor activity and sodium entry. In fact, sodium has increasingly been considered as a signaling molecule in addition to its traditional role as a charge carrier (Rose, 2002) . Sodium is involved in regulation of potassium channels (Kameyama et al., 1984; Dryer, 1994; Yuan et al., 2003) , epithelial sodium channels and glutamatergic NMDA receptor channel properties (Rose and Konnerth, 2001; Yu, 2006) . Sodium influx has also shown to activate the calciumindependent adenylyl cyclase (Cooper et al., 1998) . Furthermore, during synaptic transmission, the intraspine sodium transients are often large and long-lasting, suggesting an important role in synaptic plasticity (Rose, 2002) . Our data demonstrate that AMPAR degradation is induced by sodium influxes mainly via AMPARs, not from voltage-gated sodium channels. This may be caused by a minor role of sodium channels at synaptic sites as indicated by a finding that action potential backpropagation does not affect spine sodium transients (Rose and Konnerth, 2001) . We found that NMDAR activity played a minimal role in ouabain-dependent AMPAR degradation. Because NMDARs contribute to the same or even greater degree than that of AMPARs in intraspine sodium transients (Rose and Konnerth, 2001) , it is possible that sodium signaling in the spine, like calcium-dependent cellular events (Pelkey et al., 2006) , is also entry-dependent. The process by which sodium triggers proteolytic cascade remains unknown. Sodium has been shown to activate proteases (Banasiak et al., 2000 (Banasiak et al., , 2004 and regulate the ubiquitin E3 ligase (Harvey et al., 1999; Dinudom et al., 2001) , which may target AMPARs for degradation. Alternatively, sodium accumulation may induce calcium release from intracellular stores, which then subsequently leads to receptor degradation. Obviously, further studies are needed to elucidate the detailed events bridging sodium accumulation and AMPAR removal at the synapse.
